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a  b  s  t  r  a  c  t
Plant  metabolic  engineering  is  a  promising  tool  for biotechnological  applications.  Major  goals  include
enhancing  plant  ﬁtness  for  an  increased  product  yield  and  improving  or  introducing  novel  pathways  to
synthesize  industrially  relevant  products.  Plant  peroxisomes  are favorable  targets  for  metabolic  engi-
neering,  because  they  are  involved  in  diverse  functions,  including  primary  and  secondary  metabolism,
development,  abiotic  stress  response,  and  pathogen  defense.  This  review  discusses  targets  for  manipu-eywords:
eroxisome
iotechnology
enetic engineering
lating  endogenous  peroxisomal  pathways,  such  as  fatty  acid  -oxidation,  or introducing  novel  pathways,
such  as  the synthesis  of biodegradable  polymers.  Furthermore,  strategies  to  bypass  peroxisomal  path-
ways  for  improved  energy  efﬁciency  and  detoxiﬁcation  of  environmental  pollutants  are  discussed.  In
sum, we  highlight  the  biotechnological  potential  of  plant  peroxisomes  and  indicate  future  perspectivesetabolism
tress tolerance
to  exploit  peroxisomes  as biofactories.
© 2013 The Authors. Published by Elsevier Ireland Ltd. 
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1. Introduction
Plants have evolved the ability to produce a wide range of
molecules. Many of these compounds are of biotechnological
importance, as they serve as food, colorants, ﬂavors, fragrances,
traditional medicines, pharmaceuticals, cosmetics, and renewable
fuels [1]. Their chemical synthesis is often difﬁcult and expensive,
Open access under CC BY-NC-ND license.E-mail addresses: Sarah.Vigelius@hhu.de (S.K. Kessel-Vigelius),
an.Wiese@hhu.de (J. Wiese), Martin.Schroers@hhu.de (M.G. Schroers),
homas.Jan.Wrobel@hhu.de (T.J. Wrobel), Florian.Hahn@hhu.de (F. Hahn),
icole.Linka@hhu.de (N. Linka).
1 Co-ﬁrst authors.
168-9452  ©  2013 The Authors. Published by Elsevier Ireland Ltd. 
ttp://dx.doi.org/10.1016/j.plantsci.2013.06.005
Open access under CC BYthus genetic engineering is an alternative approach to optimize the
production of desired metabolites in plants.
In plants, biochemical pathways are compartmentalized and
individual steps of a particular pathway are distributed over
-NC-ND license.
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ifferent compartments. In this context, peroxisomes, which are
ubcellular organelles 1 m in diameter [2], represent as organelles
t a metabolic crossroads [3,4], because they participate in one
r more steps in many signiﬁcant metabolic reactions, including
rimary carbon metabolism (e.g. beta-oxidation of fatty acids
nd photorespiration), secondary metabolism (e.g. production of
lucosinolates), development (e.g. synthesis of plant hormones),
biotic stress response, and pathogen defense [4].
Thus, peroxisomes are an attractive target for metabolic
ngineering, to increase yield and quality of plant products. Manip-
lation of peroxisomal scavenging systems for reactive oxygen
pecies (ROS) might enhance plant ﬁtness under environmental
tress conditions [5]. Besides altering peroxisomal functions, novel
athways can be implemented in peroxisomes, enabling the syn-
hesis of desired metabolites or degradation of toxic molecules. The
ollowing characteristics illustrate why peroxisomes are well suited
or biotechnological purposes:
(i) Peroxisomes are surrounded by a single lipid bilayer mem-
brane [4]. Novel reactions can be compartmentalized within
peroxisomes. A peroxisomal compartmentation is favorable
because end products or intermediates can be toxic for the cell.
As peroxisomes are equipped with efﬁcient ROS-detoxifying
systems [6], ROS-producing reactions can be introduced in per-
oxisomes without deleterious effects.
(ii) Peroxisomes allow an efﬁcient targeting of heterologous pro-
teins, since protein-targeting signals for the peroxisome are
well established. Soluble, nuclear-encoded proteins are tar-
geted to peroxisomes by two different targeting signals, which
direct soluble proteins to peroxisomes. Most proteins use the
Type 1 Peroxisomal Targeting Signal (PTS1) to enter peroxi-
somes, which consists of three amino acids at the carboxyl
terminus (SKL, or a conserved variant) [7,8]. The Type 2 Per-
oxisomal Targeting Signal (PTS2) is a conserved nonapeptide
(9 amino acids), which is attached to the amino terminus of
peroxisomal proteins [9]. Fusion of either signal peptide to
a heterologous protein results in direct targeting to peroxi-
somes. Thus, the enzymatic content of peroxisomes can be
easily modiﬁed. In contrast to plastids and mitochondria, the
peroxisomal protein import machinery is able to import fully
folded proteins and stable protein complexes in a receptor-
independent fashion [4]. The import of heterologous protein
complexes into peroxisomes depends on a mechanism called
piggybacking, where a protein without a peroxisomal targeting
signal uses a PTS-carrying protein as shuttle [10,11]. Therefore,
coupling of a shuttle protein to other proteins might enable
the targeting of even larger protein complexes to peroxisomes
without modifying the import receptor machinery.
iii) Peroxisomes are highly dynamic organelles, which are able
to adjust size and number [12]. They multiply by ﬁssion and
proliferation [4]. Latter is induced by various environmental,
developmental and metabolic cues and is controlled by the
PEROXIN11 protein family and several transcription factors
[13,14]. A rapid increase in peroxisome number allows an accu-
mulation of substances produced in peroxisomes [2].
In recent years, major progress has been made in genomics
nd proteomics, revealing the diversity of peroxisomal metabolism
4,15]. However, mechanisms to exploit plant peroxisomes for
ptimizing metabolism or modifying metabolic ﬂuxes toward com-
ounds of interest are not well studied. Here, we present recent
ioneering approaches to produce plant peroxisome biofactories.
oreover, we indicate putative targets and possible strategies
hat in the future could be exploited to engineer peroxisomes for
iotechnological purposes.ience 210 (2013) 232– 240 233
2. Improving seed oil yield and quality
One of the major goals of agricultural biotechnology is to
increase the content and/or improve the value of oils in oilseed
plants, including sunﬂower, soybean, palm, oilseed rape, and maize
crops [16]. Oilseed crops are not only important for human nutri-
tion [17], but can also be used for a variety of chemical applications.
Plants are able to produce a wide range of different fatty acids,
whereas the number of fatty acids shared between plant species is
relatively low. All conventional crops contain palmitic acid, stearic
acid, oleic acid, linoleic acid, and linolenic acid. These are termed
“usual” fatty acids. Fatty acids, which in their chemical structures
differ from usual fatty acids, are referred to as “unusual” fatty acids.
Unusual fatty acids, exhibiting hydroxylations or acetylations, are
of major industrial interest, as they provide raw materials for the
generation of biopolymers or fuels [18].
Vegetable oils, for example, serve as a sustainable replace-
ment of petroleum-based chemicals [16]. One appealing method
to produce high-value oils is the genetic engineering of plants
accumulating ricinoleic acid, which serves as precursor for
economically-viable products, such as ink, lubricants, varnishes,
emulsiﬁers, nylon, or biodiesel [18,19].
The bottleneck for increased oilseed content and the produc-
tion of ‘designer oils’ is the channeling of fatty acids into storage
oil. Inefﬁcient integration arises either by enhanced biosynthesis
of native fatty acids or by the low afﬁnity of acyltransferases to
unusual fatty acids [20,21]. As a consequence, accumulated fatty
acids are degraded via peroxisomal beta-oxidation, which simulta-
neously operates during lipid synthesis (Fig. 1).
Inactivating peroxisomal beta-oxidation enzymes by using spe-
ciﬁc promoters only active during seed ﬁlling could minimize such
futile cycling. Another strategy is to produce the desired oil in a
speciﬁc plant tissue with low beta-oxidation activity (e.g. leaves).
Leaf-speciﬁc oil production might be favorable if the accumulation
of industrial-valuable oil in seeds affected germination or seedling
establishment [22].
3. Plant peroxisomes confer stress tolerance
Various abiotic and biotic stress conditions, such as salinity,
heat, cold, drought, and pathogen infection induce oxidative stress
in plants. This results in overproduction of ROS  in chloroplasts,
mitochondria, and peroxisomes, with highly oxidative metabolism
[23,24]. Plants are unable to escape exposure to environmental
stresses, thus they have developed a complex antioxidant defense
system to control ROS levels and protect cells from oxidative injury
[6]. Here, we present several strategies to improve stress tolerance
in plants through modiﬁed peroxisomal metabolism circumventing
oxidative stress and thereby increasing ﬁtness [25].
3.1. Increasing the peroxisome population
Plant peroxisomes multiply under stress conditions. In plants
the PEROXIN11 family, which consist of ﬁve isoforms (a–e), controls
proliferation of peroxisomes. When overexpressed, the number
of peroxisomes increases. Conversely, reducing the expression of
PEX11 genes results in decreased peroxisome abundance [26].
The expression of PEX11b is controlled through a phytochrome
A-dependent pathway, involving the far-red light photoreceptor
phyA and the bZIP transcription factor HY5 homolog [13,27].
Additionally, peroxisomal proliferation is induced by environ-
mental stimuli and various stresses, such as high light intensities,
H2O2, ozone, xenobiotics, cadmium, salt, pathogens, and senes-
cence. However, little is known about the principal molecular
mechanisms [28–33]. Stress-induced peroxisome proliferation
234 S.K. Kessel-Vigelius et al. / Plant Science 210 (2013) 232– 240
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cid  synthesis complex and are then released into the cytosol. FAs are either catabo
athway in the ER. CoA, coenzyme A; FAS, fatty acid synthesis complex; ACS, acyl C
ay  reﬂect the ability to cope with oxidative damage. Conse-
uently, controlling the peroxisomal population is a promising
trategy to enhance stress tolerance in plants.
Introduction of a peroxisome proliferator-activated receptor
rom Xenopus laevis in tobacco plants leads to increased peroxi-
ome number in transgenic tobacco plants [34]. Expression of this
egulatory complex increases peroxisome number in transgenic
obacco plants, as it was previously reported for animal tissues [35].
he activity of peroxisomal enzymes involved in ROS-scavenging
s increased, leading to potentially improved resistance to oxida-
ive stress [36]. The induced peroxisome proliferation disrupts the
lant’s redox state, leading to modiﬁed salicylic acid levels and
ltered expression patterns of jasmonic acid and ethylene biosyn-
hesis genes. These changes positively affect pathogen resistance
36].
In an independent approach, an enlarged peroxisome popula-
ion was produced by up-regulation of the Arabidopsis peroxisome
iogenesis gene PEX11, the regulator of peroxisome proliferation
13]. However, increasing the peroxisome number did not result
n elevated salt tolerance in Arabidopsis seedlings and older plants
37]. Future studies need to elucidate if manipulating peroxisome
iogenesis can be a strategy to alter stress tolerance. However,
nderstanding regulation and all possible side-effects is crucial
hen increasing the peroxisomal population.
.2. Improving peroxisomal ROS-scavenging systems
Under non-stress conditions ROS produced by peroxisomal
etabolism are scavenged by the simultaneous action of the per-
xisomal antioxidant systems catalase, ascorbate peroxidase and
he ascorbate–glutathione cycle [38]. However, under oxidative
tress conditions peroxisomal ROS generation is enhanced and ROS
cavenging is insufﬁcient [38]. The ability to cope with an increased
OS production is correlated with upregulation of peroxisomalloroplasts fatty acids (FAs) are generated from acyl-CoA and pyruvate via the fatty
 via peroxisomal -oxidation or incorporated into triacylglycerols via the Kennedy
nthetase; ER, endoplasmic reticulum; TAG, triacylglycerol.
antioxidant systems in natural stress-tolerant plant species [39,40].
One goal for engineering plants with wide-ranging stress resistance
would be improving the peroxisomal ROS scavenging machinery
(i.e. modulate the gene expression and enzymatic activity).
Catalase as a prominent H2O2 scavenger is an important tar-
get. It is highly abundant in plant peroxisomes but has a low
substrate afﬁnity [41]. Modulation of its catalytic activity might
be a starting-point to overcome this drawback, leading to more
efﬁcient ROS detoxiﬁcation in plant peroxisomes. Because bac-
terial catalases offer higher H2O2 afﬁnity, several studies have
ectopically expressed the Escherichia coli catalase in plant species
such as tobacco, tomato, and rice [42–44]. The resulting trans-
genic plants displayed an increased protection against oxidative
stress. The same outcome was  achieved by overexpression of
the peroxisomal ascorbate peroxidase (APX), which acts in tan-
dem with catalase to degrade H2O2 [45,46]. Alternatively, an
enhanced ascorbate–glutathione cycle in the peroxisomal matrix
could reduce plant stress [38]. To accomplish this task various
modiﬁcations are required simultaneously: (i) enlarging the perox-
isomal glutathione and ascorbate pool by stimulating biosynthesis
and uptake into peroxisomes, (ii) increasing the NADPH levels in
peroxisomes by over-expressing the peroxisomal NAD kinase for
NADPH production [47], and (iii) constitutive peroxisomal target-
ing of glutathione reductase, which carries a weak peroxisomal
targeting signal and is located in the cytosol and peroxisomes
[48]. Previous studies have successfully induced the biosynthesis
of glutathione and ascorbate, resulting in higher glutathione and
ascorbate levels in the cytosol [49,50]. To increase peroxisomal
import of glutathione and ascorbate, speciﬁc peroxisomal trans-
port proteins remain to be identiﬁed. To date, modifying the redox
state of peroxisomal ascorbate and glutathione pools is feasible
[47,48]. Enhancing glutathione and ascorbate uptake remains to be
achieved in future, since corresponding peroxisomal transporters
have not been identiﬁed thus far.
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.3. Improved pest and pathogen resistance
Plants suffer from infections caused by fungi, bacteria, viruses
nd nematodes. Peroxisomes play a substantial role in disease resis-
ance and are targets for genetic improvement to confer pathogen
olerance in plants [4].
The phytohormone jasmonic acid (JA) is a lipid-derived
ignaling molecule that induces plant defense mechanisms [51].
ts production is triggered in response to tissue injury (wounding)
aused by herbivore attack. The last steps of JA biosynthesis occur
n peroxisomes [51]. The JA precursor 12-oxo-phytodienoic acid
OPDA) is imported into peroxisomes and is subsequently reduced
o OPC8:0 (3-oxo-2-(2′[Z]-pentenyl)-cyclopentan-1-octanoic acid),
n three rounds of peroxisomal beta-oxidation activated OPC8:0
s converted to JA [52]. Overexpression of the transcription factor
RKY30 in rice resulted in a constitutive expression of plastidic JA
iosynthesis genes. This was associated with increased endogenous
A accumulation and enhanced tolerance against fungal pathogens
53]. As JA biosynthetic enzymes locate to companion cells and
ieve elements of the vascular bundle [54], it might be beneﬁ-
ial to not only improve biosynthesis, but extend JA production to
ther tissues to prime plants against herbivore attack. This involves
xploiting a natural peroxisomal function.
Plant peroxisomes contribute to extracellular defense mech-
nisms against fungi by preventing colonization. Upon fungal
nvasion peroxisomes migrate toward the site of invasion [55].
nder these conditions the myrosinase PEN2, which is bound to
he peroxisomal membrane, hydrolyzes indolic glucosinolates to
ntifungal defense compounds protecting plants against fungal
ntry [56]. Furthermore, certain benzylglucosinolates play a role in
athogen defense and are found in developing seeds and germinat-
ng seedlings [57]. These active defense molecules are synthesized
n the cytosol by transferring a benzoyl moiety from benzoyl-CoA
o a hydroxylated aliphatic glucosinolate, though the precursor
enzoyl-CoA is primarily produced from cinnamic acid via peroxi-
omal beta-oxidation [58–60].
Engineering levels of these defense compounds might enhance
lant immunity against pathogens. This can be achieved by tar-
eting either biosynthetic or regulatory genes of glucosinolate
iosynthesis [58,61]. Glucosinolates are naturally found in cru-
ifers, including oilseed rape and Arabidopsis, but their production
ould be successfully implemented in non-cruciferous plants, such
s tobacco [62]. However, cruciferous crop seeds with high glucosi-
olate content are unwanted as primary food source for animals or
umans, because these metabolites have a bitter taste [63]. An agri-
ultural challenge for the future is to eliminate glucosinolates from
dible parts of crops, but retain their synthesis in source tissues for
rotection against pathogen attack. Speciﬁc expression and sup-
ression of peroxisomal modules involved in benzylglucosinolate
roduction might be a promising approach to solve this problem.
.4. Peroxisomal small heat shock proteins for enhanced stress
olerance
Small heat-shock proteins are induced in response to vari-
us stresses. They act as molecular chaperones preventing the
ggregation of nascent and stress-accumulated misfolded pro-
eins [64,65]. Two peroxisome-located small heat-shock proteins
alled AtAcd31.2 and AtHsp15.7 were identiﬁed in Arabidopsis
66]. AtAcd31.2 is constitutively expressed, whereas AtHsp15.7
xpression is strongly induced by heat and oxidative stress [66],
uggesting that peroxisomal small heat-shock proteins play a role
n protecting proteins under both physiological and stress condi-
ions [67]. The overexpression of small heat-shock proteins might
e a useful strategy to produce plants with enhanced tolerance
gainst different stresses. Previous studies have demonstratedience 210 (2013) 232– 240 235
that substantial tolerance to salt, drought and high light can be
achieved by over-expressing cytosolic or plastidic heat-shock pro-
teins [67–69].
4. Modulating auxin synthesis in peroxisomes
Peroxisomes are involved in biogenesis of the auxin indole-3-
acetic acid. Indole-3-butyric acid is metabolized to the active form
indole-3-acetic acid by removing two  side-chain methylene units
in a process similar to fatty acid beta-oxidation [70,71]. It has
been shown that indole-3-butyric acid-derived auxin inﬂuences
cell expansion in certain cell types, resulting in elongated root hairs
and enlarged cotyledons [72]. Elongation of root hairs by stimu-
lating auxin production is a promising approach to enlarge root
surface area and thereby enhance water and nutrient uptake [73].
Whether this goal can be accomplished without major drawbacks
on plant development remains to be shown.
5. Implementation of artiﬁcial metabolic pathways to gain
novel peroxisomal functions
Besides optimizing peroxisomal metabolism, metabolic engi-
neering can achieve novel peroxisomal functions. The goal is to
introduce artiﬁcial pathways into plant peroxisomes for either pro-
ducing novel substances or improving efﬁciency of peroxisomal
pathways degrading toxic compounds.
5.1. Production of biodegradable polymers in plant peroxisomes
Plant peroxisomes are attractive factories for biodegrad-
able polymers, such as polyhydroxyalkanoates (PHA). Renewable
bioplastics are sustainable and have the potential to replace con-
ventional mineral oil-based plastics [74].
PHAs are a group of polyesters, which are naturally formed
and deposited as inclusion bodies in many bacterial genera. They
are not produced in eukaryotes [75]. PHAs can incorporate more
than one hundred different hydroxyacids, mainly varying in func-
tional groups of side chains and chain length [76]. Thus, physical
properties of PHA range from glues to brittle plastics, depending
on the composition [77]. The biosynthesis pathway of the most
common type of PHAs, the homopolymer poly-3-hydroxybutyrate
(PHB), was  discovered ﬁrst in Ralstonia eutropha, where it serves
as a carbon sink [78,79]. Its synthesis pathway has been success-
fully introduced into different microorganisms, which naturally do
not produce these polymers [80]. To increase substrate availabil-
ity for PHA biosynthesis, overproduction of the starting substrate
acetyl-CoA was  induced, which led to an improved PHA production
in these organisms [81].
However, PHA production in microorganisms is not economical
because of expensive bacterial feedstock, such as glucose [82]. To
address economic inefﬁciency, plants producing high amounts of
PHA were designed. Plants are well suited, as water, light, CO2, and
a few minerals sufﬁce to produce high amounts of biomass. More-
over, plants are unable to degrade PHAs and thus can accumulate
these polymers in high amounts. For successful PHA production in
plants three prerequisites are needed: (i) the bacterial three-gene
pathway consisting of a 3-ketothiolase (phaA), an acetoacetyl-CoA
reductase (phaB) and a PHA synthase (phaC), (ii) a large acetyl-CoA
pool, and (iii) reducing power [83].
PHA production was ﬁrst achieved in the cytosol of Arabidopsis
and tobacco, because only two  additional enzymes had to be
introduced, phaB and phaC, as plants endogenously possess a
cytosolic form of phaA as part of the mevalonate pathway (Fig. 2A).
The production of PHA led to a strong reduction of plant growth,
resulting from depletion of cytoplasmic acetyl-CoA, inhibiting
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Fig. 2. (A) PHB synthesis in Ralstonia eutropha. Bacterial pathway of PHB production in R. eutropha. phaA, 3-ketothiolase; phaB, acetoacetyl-CoA reductase; phaC, PHA synthase.
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aB)  PHA synthesis in plants can be implemented into the beta-oxidation cycle. Int
ydratase, or a reductase is necessary to convert cycle intermediates into substrates
cyl-CoA dehydrogenase; ECH, enoyl-CoA hydratase I; HCD, S-3 hydroxyacyl-CoA d
soprenoid and ﬂavonoid biosynthesis [75,84]. To achieve higher
HA levels, with less deleterious effects, production was  targeted
o chloroplasts of numerous plant species. PHA yield was  predicted
o increase, as plastids have a high ﬂux of acetyl-CoA, which
s required for fatty acid biosynthesis. In transgenic plant lines
ccumulating high amounts of PHA in their chloroplasts, growth
as reduced, plants were chlorotic, and sometimes fertility was
mpacted. The reasons for the strong phenotype have not been
learly determined [85–87].
To minimize plant growth defects, PHA synthesis was  targeted
o plant peroxisomes (Fig. 2B) exploiting peroxisomal carbon ﬂux
hrough beta-oxidation for synthesis [88–91]. A peroxisomal tar-
eting signal was fused to the bacterial phaA, phaB, and phaC genes.
eroxisomes of PHA-producing plants are signiﬁcantly enlarged.
his reﬂects that these organelles have the capability to increase
heir size to accommodate large volumes of PHA granules [91].
tudies with the C4-grass sugarcane, a high biomass crop, showed
hat peroxisomal PHA biosynthesis signiﬁcantly contributes to PHA
roduction levels of commercial interest in crop plants, without
nterfering with plant growth [91].
.2. Peroxisomal bypass pathways to reduce photorespiration
A central function of plant peroxisomes is their contribution
o photorespiration (Fig. 3) [4]. This light-dependent pathway
s linked to photosynthesis by the dual function of plastidic
ubisCO. Low carbon dioxide concentrations favor the oxygen-
se reaction of RubisCO leading to an accumulation of toxic
-phosphoglycolate [92]. This compound is efﬁciently degraded
ia the photorespiratory C2 cycle, converting 2-phosphoglycolate
o 3-phosphoglycerate, which re-enters the Calvin–Benson cycle.
O2 and ammonia (NH3) are released. Substantial energy costs
re required for re-assimilation (Fig. 3) [92]. The goal is to opti-
ize plant metabolism and to increase biomass production by
inimizing energy losses in photorespiration. As photorespiration
s required in all photosynthetic organisms, it cannot be elimi-
ated completely, but bypassed [93]. So far, three reactions have
een tested in plants circumventing energy loss from photores-
iration [94]. A reduction of the RubisCO oxygenase reaction was
ttempted by increasing CO2 levels inside chloroplasts, utilizingiates of the beta-oxidation can be used for PHA synthesis. Either an epimerase, a
aC. The beta-oxidation core reactions are depicted in blue. KT, 3-ketothiolase; ACD,
ogenase.
carbon derived from 2-phosphogycolate (Fig. 3, blue pathway)
[95]. Secondly, an alternative plastidic conversion route for 2-
phosphoglycolate has been reported (Fig. 3, red pathway) [96].
Both approaches bypassing the mitochondrial CO2 release led to
an increase in biomass production under ambient CO2 conditions
[95,96].
To avoid mitochondrial NH3 production a short-circuit path-
way of the photorespiratory nitrogen cycle was  implemented into
peroxisomes [97]. Glyoxylate carboligase (GCL) and hydroxypyru-
vate isomerase (HYI) from E. coli were introduced into peroxisomes
of transgenic tobacco leaves resulting in a peroxisomal conver-
sion of glyoxylate to hydroxypyruvate (Fig. 3, green pathway).
Unfortunately, this bypass did not show the beneﬁts expected
for biomass production [97]. Instead, leaves of transgenic tobacco
displayed chlorotic lesions under ambient CO2 levels. Detailed anal-
yses revealed that the GCL/HYI pathway introduced was  not fully
operating, due to silencing of the bacterial hydroxypyruvate isom-
erase gene [97]. Thus, the functionality of this proposed pathway
remains to be demonstrated. The use of RNA-silencing tobacco
mutants might overcome this obstacle [98]. It might enable further
analyses studying peroxisomes as tools to bypass photorespiration
[97].
5.3. Peroxisomal degradation pathways for pollutants
Genetically modiﬁed plants can help to reduce environmental
pollution by degradation of long-persisting chemical compounds
in contaminated soil or ground water. The implementation of
catabolic pathways from various bacterial and fungal organisms
into plants allows detoxiﬁcation of certain organic pollutants [99].
For example, tobacco plants have been developed which
degrade the halogenated aliphatic compound 1,2-dichloroethane,
a carcinogenic chemical of high stability. In these plants, two
enzymes from Xanthobacter autotrophicus were expressed that
catabolize 1,2-dichloroethane to glycolate in combination with
endogenous enzymes [100]. High accumulation of the resulted end
product glycolate is toxic for the plant cell and needs to be directly
metabolized. In particular for the root tissue, it might be to ectopi-
cally introduce the photorespiratory enzyme glycolate oxidase in
root cells for the conversion of glycolate to glyoxylate.
S.K. Kessel-Vigelius et al. / Plant Science 210 (2013) 232– 240 237
Fig. 3. The loss of ammonia during photorespiration can be bypassed. Ammonia and CO2 are released in mitochondria during the conversion of glycine to serine. Ammo-
nia  can be re-assimilated in chloroplasts. The ammonia-consuming reactions can be bypassed by a photorespiratory short-circuit in peroxisomes (shown in green) by
introducing two bacterial enzymes GCL and HYI. The plastidic bypasses introduced by Maier et al. [95] and Kebeish et al. [96] are presented in blue and red, respectively.
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Sulfur dioxide is a major air pollutant emitted by industrial
rocesses. SO2 adversely affects growth and development of crop
pecies, causing chlorosis, necrosis and long-term yield reduction
101–103]. It enters plant tissues as gas, where it is transformed to
ulﬁte. Excess amounts of sulﬁte are toxic to the plant cell. Peroxi-
omal catalase activity is sensitive to sulﬁte, resulting in high H2O2
evels upon sulﬁte stress [104]. The key enzyme to protect plants
gainst sulﬁte toxicity is the peroxisomal sulﬁte oxidase, catalyzing
he oxidation of sulﬁte to sulfate. To improve sulﬁte detoxiﬁcation,
he peroxisomal sulﬁte oxidase from maize was overexpressed in
lants [105,106]. Transgenic lines exhibiting elevated sulﬁte oxi-
ase levels confer enhanced tolerance to excess sulﬁte, which is
ndicated by lower H2O2 and higher catalase levels. Hence, the
verexpression of sulﬁte oxidase may  protect peroxisomal catalase
rom inhibition by sulﬁte [106].
. Concluding remarks
Besides recent progress in the ﬁeld of peroxisome engineering,
he emerging potential of plant peroxisomes for green biotech-
ology is described in this review. Strategies are presented which
ither (i) manipulate peroxisomal pathways to alter oilseed quan-
ity and quality, or (ii) improve tolerance toward abiotic and biotic
tresses. Further, approaches are shown which involve (iii) imple-
enting new pathways in peroxisomes, such as the production of
iodegradable polymers, (iv) bypassing peroxisomal pathways for
 better energy-cost efﬁciency, and (v) detoxifying pollutants from
ontaminated soil, water and air.
However, several limitations have to be considered when mod-
fying or introducing pathways to peroxisomes. If ﬂuxes through
ndogenous peroxisomal pathways are changed, overall cellular
etabolism and substrate homeostasis could be negatively inﬂu-
nced. For example, changes in peroxisomal contributions to auxin
ynthesis or photorespiration were reported to create substantial
eductions in ﬁtness [107,108]. In order to estimate the biotechno-
ogical potential of plant peroxisomes, it is necessary to understand
ow peroxisomal metabolism is regulated and coordinated.
When implementing novel pathways, the pH optimum inside
eroxisomes needs to be considered, because newly introduced
nzymes with a strict cofactor- and pH-dependency might be
mpaired. The pH of plant peroxisomes has not yet been deter-
ined. Reports for other eukaryotic organisms, including yeast and
ammals, indicated contradictory results the peroxisomal matrix
s either acidic or alkaline [109–112]. In addition, cofactors need to; 2-OG, 2-oxoglutarate; ATP, adenosine triphosphate; ADP, adenosine diphosphate;
e carbolyase; HYI, hydroxypyruvate isomerase.
be available in peroxisomes, when implementing certain enzymatic
reactions. Peroxisomes are capable of importing fully folded pro-
teins, which have already bound their cofactor in the cytosol [113].
For ATP, NAD and CoA transporters have been identiﬁed import-
ing these cofactors into peroxisomes [114–116]. Further, the level
of peroxide radicals could interfere with enzyme activities, since
peroxisomes exhibit an oxidative metabolism producing ROS.
Successful engineering of plant peroxisomal metabolism
requires insights into the complete protein inventory. To date,
proteome analyses identiﬁed more than 100 peroxisomal pro-
teins in plants. However, further enzymes are necessary to fulﬁll
proposed or described metabolic functions [117]. In this con-
text, a major obstacle is the missing comprehensive knowledge
about metabolite transport proteins, mediating the ﬂux of solutes
across the peroxisomal membrane [118]. Although many peroxiso-
mal  transport steps are hypothesized in plants, the corresponding
transporter genes have not yet been assigned. Besides the three
cofactor carriers mentioned earlier, only the carrier importing fatty
acids has been identiﬁed so far [114–116,118–120]. With regard to
metabolite transport, biotechnological implementations have to be
considered carefully, because the prospective substrates and prod-
ucts need to be shuttled in and out of peroxisomes.
As very little is know about endogenous export from peroxi-
somes, secretion of substances produced in peroxisomes might
even be a favorable trait for biotechnological production, as it is
known for algae [121]. Such a process protects the cell from poten-
tial toxic effects of compounds created in this organelle. On the
other hand, secretion of products can be favorable to avoid expen-
sive downstream processing after biotechnological production. In a
process called peroxicretion, subsequent excretion of peroxisomal
products from cells was  achieved by fusing the soluble domain of a
Golgi-derived v-SNARE to a peroxisomal membrane protein used as
an anchor. Fusion of peroxisomes with the plasma membrane was
induced and products were released into the extracellular space
[122]. This artiﬁcial secretion pathway, coupled to an inducible pro-
moter controlling the time point of product release, might raise the
utility of engineered production in plant peroxisomes for industrial
biotechnology.
A long-term goal of engineering plant peroxisomes is the
construction of synthetic peroxisomes in plants or other eukary-
otic organisms, such as yeast. First steps toward this goal have
been taken recently, when in a human cell line two  antioxidant
enzymes, a Cu/Zn-superoxide dismutase and a catalase isoform,
were expressed in polymer vesicles, which have a membrane made
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ermeable by insertion of channel proteins. In this artiﬁcial peroxi-
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